While indexical information is implicated in language processing, little is known about the internal structure of the system of indexical dimensions itself, particularly in bilinguals. A series of three experiments using the speeded classification paradigm investigated the relationship between various indexical and non-linguistic dimensions of speech in processing (talker identity, talker gender, and amplitude of speech) and a lesser-studied indexical dimension relevant to bilinguals, namely, which language is being spoken. Results demonstrate that language-being-spoken is integrated in some form with each of the other dimensions tested, and that this relationship is independent of listeners' bilingual status.
INTRODUCTION
Research has increasingly shown that indexical information is implicated in language processing [12, 16, 18] . However, little is known about the internal structure of the system of indexical dimensions (e.g., talker identity, gender, age, the language being spoken, etc.) itself. Due to the complex and multidimensional nature of the speech signal, individual dimensions are rarely, if ever, encountered on their own. Thus, knowledge of the processing relationships between different types of indexical and other non-linguistic information is important to understanding human language processing in general.
Even less is known about relationships between indexical dimensions in bilinguals, which may be different than in monolinguals for several reasons. Bilinguals must make associations between talkers and the languages those talkers speak, meaning that they may have more experience than monolinguals in attending to indexical information, and, those associations may be useful in language segmentation for simultaneous bilinguals [26] . Also, bilinguals have shown advantages over monolinguals in tasks involving executive control [1, 2] , a benefit that may extend to the domain of indexical processing.
Talker and language information seem to be associated in processing, as demonstrated by the language familiarity benefit, where listeners identify talkers better in familiar languages than in unfamiliar languages [6, 11, 14, 20, 27] . While these results indicate that talker and language information are related in processing, there has been no direct test to determine whether they recruit the same processing resources, and whether the processing relationship between the two dimensions is symmetrical or asymmetrical.
Moreover, it is not known whether there is a hierarchy of processing relationships between speech dimensions, indexical (e.g. gender of talker) or otherwise (e.g. amplitude of speech). This is a notable gap in the literature given that a good deal is known about the processing relationships between indexical and linguistic dimensions (such as the identity of a segment in a syllable or word [9, 16] ).
Thus, the present paper reports on a series of experiments that employed the speeded classification paradigm (or Garner task [10] ) to explicitly examine the relationships between various indexical and non-linguistic dimensions of speech in processing. In this task, listeners make a classification decision within one dimension (e.g. is the talker male or female?) while irrelevant variation in another dimension (e.g. the language of the stimuli, Chinese or English) is either present or absent in that block of stimuli. A processing dependency, also called interference, between two dimensions is indicated by greater reaction times to stimuli in blocks with variability from another dimension (e.g. identifying talker gender when the language of the speech also varies) than to stimuli in blocks with no irrelevant variability (e.g. identifying talker gender when the language is constant).
The present studies, which tested both monolingual and bilingual participants, investigated processing relationships between which language is being spoken (e.g. language-being-spoken, or L-B-S; in these experiments Mandarin Chinese or English) and three other speech dimensions (talker identity in Experiment 1 1 , talker gender in Experiment 2 2 , and amplitude of speech in Experiment 3). This set of experiments compared L-B-S against three dimensions chosen to differ from L-B-S in several key ways that may affect processing. The processing of L-B-S and talker (Expt 1) are similar in that: both processes require the use of multiple acoustic cues ( [13, 25] for talker, [17, 22] for L-B-S), both constitute choosing from members of an open set (i.e. the set of all human languages, and of all talkers, though bounded to a binary decision in these experiments), and both dimensions are used by listeners in the course of speech comprehension. Unlike L-B-S, amplitude (Expt 3): is a single acoustic cue, is not an indexical property, its categorization as "loud" or "soft" does not require a priori knowledge, and its processing is more peripheral to speech comprehension [5, 19] . Similar to L-B-S processing, gender processing (Expt 2): does not rely solely on one acoustic cue (though F0 is dominant [7, 8] ), but unlike L-B-S, gender is a closed set (male or female).
Results of these experiments will indicate (a) to what extent different speech dimensions recruit similar resources in processing, indicative of how interconnected the system of indexical dimensions is, and (b) whether this cognitive architecture is similar for bilinguals and monolinguals. Table 1 summarizes the speech dimensions tested in each experiment, the talkers who produced the stimuli, and the language background of the participants.
METHODS

Stimulus materials and talkers
Stimuli were taken from the ALLSSTAR corpus [4] , and were short, meaningful sentences originally developed for the Hearing in Noise Test (HINT, English version [21] ; Mandarin version [28] ), e.g. "Somebody stole the money". Sixty-four sentences read in English and 64 read in Mandarin were selected for use in all experiments. Stimuli in Experiments 1 and 2 were amplitude-normalized to 70 dB SPL, a comfortable listening level. In Experiment 3, because of the explicit amplitude manipulation, the stimuli were amplitudenormalized to 45 dB SPL for "soft" and 75 dB SPL for "loud" stimuli.
The stimulus talkers were late bilinguals, L1 Mandarin Chinese and L2 English, all in their early 20s, and who had all recently moved to the greater Chicago area.
Participants
In Experiment 1, participants from three language backgrounds were tested (18 
The speeded classification task
Participants in each experiment completed six blocks of the speeded classification task, corresponding to three different stimulus sets (orthogonal, control, and correlated 3 ) for two dimensions of the stimulus per experiment (e.g., in Experiment 2, gender and language-being-spoken). In the orthogonal blocks, the two dimensions varied independently (e.g. Chinese sentences were presented in both the male and female voice, and English sentences were also presented in both the male and female voice). Thus, in orthogonal blocks classification along one dimension requires ignoring variation in the other, irrelevant dimension. In the control blocks there is no irrelevant variation (e.g. only Chinese sentences are presented for gender classification). The dependent variable is the difference in reaction time (RT) between orthogonal and control blocks. If listeners can ignore irrelevant variability in one dimension when classifying the other, they will take no longer to perform the classification in orthogonal than in control blocks, and those dimensions are said to be separable. If, however, listeners cannot ignore irrelevant variation in one dimension when classifying the other, their RTs in orthogonal blocks will be longer than in control blocks, and the two dimensions are said to be integral. Further, dimensions may not always show symmetrical integration; if one task shows more interference than the other the relationship between those two dimensions is asymmetrical, suggesting that one dimension is more salient in processing.
The conditions were blocked by stimulus dimension, so that participants received three blocks to be classified by one dimension, and then the three blocks for the other dimension.
Procedure
Stimulus sentences were presented one at a time over headphones to participants who were seated in a sound attenuated booth. Participants were asked to classify each sentence according to the choices presented on the button box for the task at hand (e.g., "loud" or "soft" for the amplitude task of Expt 3), and were told that they did not need to wait until the sentence was over before responding. At the beginning of each task participants heard 16 practice trials with feedback. One additional instruction was given in the talker task of Experiment 1, since distinguishing between the talker named "Wei" and the talker named "Li" was the only classification decision for which listeners would have no a priori knowledge. Therefore in that task they were told to use trial and error to figure out which talker was which in the practice trials. 
RESULTS
In all experiments, accuracy was near ceiling on all tasks, and therefore is not analyzed here. An analysis of reaction time is reported, using correct responses only. Outliers were trimmed by removing RTs > 2.5 standard deviations from each participant's mean (by block, task, and experiment), resulting in the removal of ≤ 2.65% of a listener group's RTs for each experiment. RTs were modeled using repeated measures ANOVAs on by-participant logtransformed means. The results are presented first collapsed across all participant language groups, and are visualized as bar plots in Fig. 1 .
In Experiment 1, there was an integral yet asymmetrical pattern of interference between L-B-S and talker identity, where listeners were slower to respond in orthogonal (M=1592.07 ms) than control blocks (M=1504.47 ms), F(1,51)=24.437, p<0.0001, and this interference was greater in the talker task (129.64 ms difference between orthogonal and control) than in the L-B-S task (45.56 ms difference), F(1,51)=6.715, p=0.012. This indicates that it was harder for listeners to ignore L-B-S when attending to talker identity than the reverse.
In Experiment 2, there was an integral and symmetrical pattern of interference between L-B-S and gender. Participants were slower to respond in orthogonal (M=1512.57 ms) than control blocks (M=1469.50 ms), F(1,34)=5.647, p=0.023, but there was no significant interaction between task and block, F(1,34)=0.022, p=0.882.
In Experiment 3, L-B-S and amplitude showed asymmetrical interference, where listeners could not ignore amplitude when attending to L-B-S (89.7 ms difference), but could ignore L-B-S when attending to amplitude, F(1,34)=4.119, p=0.050. In all three experiments, no effects of participant language background were found, as illustrated by the similar patterning across listener groups in Fig.  2 . The amount of interference did not differ by participant language background for Expt 1 (F(2,51)=1.571, p=0.218), Expt 2 (F(1,34)=0.979, p=0.33), or Expt 3 (F(1,34)=0.406, p=0.528).
DISCUSSION
Language-being-spoken showed some form of integration with each of the other dimensions tested, indicating that it shares processing resources with those dimensions, and providing evidence that the internal system of indexical (and non-linguistic) speech dimensions is highly interconnected. However, the exact form of the processing relationship differed in each experiment: L-B-S interfered in talker processing more than vice versa (Expt 1), gender and L-B-S showed symmetrical interference (Expt 2), and amplitude interfered in L-B-S processing less than vice versa (Expt 3). Dimensions that are difficult to ignore (causing more interference) can be said to be more salient, as they capture more attention [23] . Framed in this way, the results can be schematized as a processing hierarchy of relative salience: language-being-spoken is as salient as gender, more salient than talker, and less salient than amplitude.
Talker processing is more reliant on language processing than vice versa
The results of Experiment 1 are aligned with previous literature on the role of language information in talker identification, and vice versa. In line with previous work demonstrating a language familiarity benefit for talker identification described in Section 1, it was found that L-B-S did interfere with the processing of talker. Further, the fact that talker also interfered with the processing of L-B-S is in line with previous work suggesting that listeners can use talker information when classifying languages [17, 22] . Additionally, the asymmetry found in this experiment, where there was more interference from language-being-spoken when processing talker than vice versa, is logical in light of the fact that talker-general cues may be more important than talker-specific cues in language identification; listeners abstract over talker information to form representations of languages, and phonetic information is organized languagespecifically [3, 15] . Thus, it appears that language processing is not as reliant on talker processing as the reverse.
Bilinguals and monolinguals behave similarly
Finally, these results indicate that the processing relationships between these dimensions were the same for bilinguals and monolinguals. This finding is counter to hypotheses about differences based on bilingual advantages in executive control or based on bilinguals' increased focus on indexical information. Instead, listeners demonstrated similar processing relationships between speech dimensions regardless of their familiarity with the languages tested (since Mandarin-English bilinguals were not different than English monolinguals and nonMandarin-English bilinguals), or their bilingual status (since English monolinguals were not different than both groups of bilinguals). Thus, the current results show that the integrality of L-B-S with other speech dimensions is independent of the language experience of listeners.
CONCLUSIONS
In sum, the processing of language-being-spoken is integrated in some way with the processing of talker, gender, and amplitude. Further, language familiarity and bilingual status do not affect language-beingspoken's relationship with these other dimensions in processing, suggesting that the cognitive architecture underlying relationships between speech dimensions in processing appears to be similar for bilinguals and monolinguals. In situating language-being-spoken with respect to other indexical and non-linguistic speech dimensions, this work contributes to the growing understanding of the position of indexical dimensions in human language processing.
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